A non-standard symmetry breaking sector may lead to derivative couplings of the Higgs boson and thereby to anomalous interactions with the electroweak gauge bosons. In the framework of gauge-invariant effective Lagrangians the resulting changes in Higgs boson production and decay mechanisms are related to anomalous triple vector boson couplings. Using low energy constraints on the dimension-six operators in the effective Lagrangian, we discuss the size of deviations from SM predictions which may be expected in Higgs boson production and decay rates. Large enhancements are allowed e.g. in the Z → Hγ and H → γγ partial decay widths, leading to Z → γγγ events at LEP.
In recent years the standard model (SM) of electroweak interactions has been beautifully onfirmed, in particular via the LEP experiments. Z production via e + e − annihilation and the bulk of the Z decay processes mainly probe the couplings of the quarks and leptons to the Z boson, however. While the gauge theory predictions of these fermion-Zcouplings have now been comfirmed at the 1% level or better, the bosonic sector of the SM has been tested to a much lesser degree because present accelerators largely operate below weak boson pair production or Higgs production threshold.
In order to find out how the SU(2) ⊗ U(1) symmetry of the SM is broken in nature, an experimental determination is needed of the interactions between the gauge bosons and the remnants of the order parameter which gives rise to the spontaneous breaking of the gauge symmetry, i.e. the Higgs boson in the SM. In this letter we investigate the phenomenology of models which are relatively close to the SM in that they posess a (possibly light) Higgs scalar as the remnant of the SU(2) doublet order parameter.
The anomalous interactions of this doublet field Φ, which posesses the same quantum numbers as the SM Higgs doublet field, can conveniently be described by an effective La-
Here the scale Λ may be identified with the typical mass of new particles associated with the fundamental interactions underlying the symmetry breaking sector. We here assume that the W and the Z are indeed gauge bosons of an SU(2) ⊗ U(1) local symmetry. Derivative ouplings of the Higgs, as described by some of the operators in L ef f , are then related to Higgs-gauge boson (e.g. HVV) interactions which lead to new phenomena like enhanced H → γγ decay rates or Z → Hγ production. The purpose of this letter is to relate the expected/possible size of such effects to bounds [1] derived from present low energy data and to the measurement of anomalous triple gauge boson vertices (TGV's).
For our analysis it is sufficient to consider the dimension six operators in L ef f only. This allows a qualitative analysis which is quite model independent and which is quantitatively correct if m H << Λ and v << Λ, where v is the vacuum expectation value of the Higgs doublet field. A complete analyis of all dimension six operators has been presented by Buchmüller and Wyler [2] . Here it suffices to consider operators which can be constructed out of the Higgs field Φ, covariant derivatives of the Higgs field, D µ Φ, and the field strength ensors W µν and B µν of the W and the B gauge fields: 
When the Higgs doublet field is replaced by its v.e.v. one finds that the operators O Φ,1 ,
and O BW contribute to gauge boson self-energies. O Φ,1 changes the Z but not the W mass at the tree level and hence is severely constrained by the measured small value of δρ. O BW leads to W 3 -B mixing and hence contributes to the S parameter of Peskin and Takeuchi [3] .
A recent analysis of low energy constraints found [1] 
Similarly the operators O W and O B give rise to anomalous TGV's [4, 1] 5) n the notation of the phenomenological Lagrangian [5] iL 6) ith the overall coupling constants defined as g W W γ = e and g W W Z = e cot θ W . Within the M the couplings are given by g
A direct measurement of the W W γ ertex exists from W γ production at hadron colliders [6] with the result κ γ = 1
more stringent bound can be obtained from an analysis of 1-loop effects of anomalous GV's on low energy observables. For m H = 200 GeV and a top quark mass of 140 GeV, [7] . De Rújula and collaborators [4] ave argued that it is unnatural to expect a factor of 100 difference between the coefficients f the various operators. We may rather take the more stringent constraints of Eq. (0.4) s an estimate of the bounds for all the operators in the effective Lagrangian. Following his more conservative view we shall consider the case when all coefficients are of order 
In addition the operators O Φ,1 and O Φ,2 renormalize the weak boson masses and the Higgs boson wave function. By using the observed masses and couplings the HVV interactions are modified as
ere the couplings are normalized as
, whose magnitudes have been precisely measured. Notice that the correction terms in L HV V ren need to be considered in addition to the terms given in Eq. (10). They are valid only for
This condition clearly is satisfied for f Φ,1 (see Eq. (4)). The only effect of the operator O Φ,2 is a finite wave function renormalization of the Higgs field by factor Z 1 2
The phenomenological consequence is a common rescaling of all Higgs production rates and partial decay widths by a factor Z H . We shall mostly neglect this overall factor (by setting f Φ,2 = 0) when considering the nonstandard contributions to H → V V decay rates and Z → HV decay, which are induced by the anomalous HVV ouplings.
Higgs Decays. Higgs decays into γγ, Zγ, ZZ and W + W − are affected by non-standard nteractions from dimension-six operators. In the SM the decay H → γγ occurs at the oneoop level. All massive particles with non-zero electromagnetic charge run through the loop, he most important contributions arising from the top quark and the W boson. However, imension-six operators contribute at the tree level and can therefore lead to large deviations rom SM expectations [8] . The total width for this process is given by
(0.12) with s = sin θ W . The SM contribution is parametrized by the complex-valued function = i N ci e 2 i F i where N ci is the color multiplicity of particle i and e i is its charge. The unctions F i are given explicitly in Ref. [9] .
In the SM the branching fraction for H → γγ is O(10 The process H → γZ is very similar to the process H → γγ; the SM contribution is one-loop process, but the dimension-six contribution occurs at the tree level. The total idth for this process is given by
The SM contribution is parametrized by the complex-valued function A = A F + A W which is given explicitly in Ref. [9] .
Setting f i /Λ 2 = 100TeV −2 for all f i except f BW then the width for H → γZ is enhanced by a factor of 10 3 . See the dashed line in fig. 1b . The resulting branching fraction is around See the dotted and double-dotted lines in fig. 1b . As such this channel is not likely to be instrumental in the discovery of the Higgs boson, but it does serve as an important precision test of the SM. Along with a measurement of the H → γγ rate and the measurement of anomalous TGV's a measurement of the H → γZ rate places some important restrictions on the allowed directions in the f i parameter space. As in the case of H → γγ there is a small region of parameter space corresponding to maximal destructive interference, in which case this mode would be unobservable.
The decays H → ZZ and H → W W occur at tree level, and hence they are affected significantly only when we allow larger magnitudes for the coefficients of dimension-six operators. Separating the result into longitudinal and transverse contributions the decay width for the process H → ZZ is given by and Z → Hγ → γγγ. We present the differential decay rate for Z → HZ * → Hf f in terms of the individual particle momenta. Denote the four-momentum of the initial-state Z 0 by p Z .
p H denotes the four-momentum of the Higgs boson and E H is its energy in the rest frame of the initial-state Z 0 . Finally, q 1 and q 2 denote the fermion and anti-fermion four-momenta, and E f is the energy of the fermion. Then
here
T 3 are the vector and axial-vector couplings of the fermion. The decay Z → Hγ occurs in the SM at the one-loop level; the dimension-six contribution occurs at the tree level and has been considered previously by several authors [8] . The combined width for this process is
(0.21) he SM contribution is parametrized by the complex-valued function A, which is given explicitly in Ref. [9] . If all f i are of order f i /Λ 2 ∼ O(1TeV −2 ) then the SM and the dimension-six contributions are comparable and, unless there is maximal destructive interference between the SM and the new contributions we do not expect a large change in the rate for Z → Hγ. However, the contributions from dimension-six operators completely dominate this partial Therefore, new physics of the type discussed here can weaken the lower limit on the mass of the Higgs boson obtained at LEP.
The sequential decay Z → Hγ → γγγ is significant if both Z → Hγ and H → γγ branching fractions are enhanced by the new interactions. In the SM the decay Z → γγγ occurs at the one loop level. The contribution due to fermions in the loop has been calculated [10] and, for a heavy top quark, the contribution is 0.7 eV. The contribution due to W bosons in the loop has also been calculated [11] . This contribution is found to be smaller by a factor of 35. Interference effects between bosonic and fermionic loops have not been calculated.
We ignore the contribution from W bosons. Γ(Z → γγγ) also receives a contribution via Z → Hγ → γγγ. In the purely SM scenario both the HZγ vertex and the Hγγ vertex are generated at one loop, hence the SM contribution is non-negligible only if Z → Hγ is kinematically allowed.
With the inclusion of dimension-six effects both the HZγ vertex and the Hγγ vertex may be enhanced. In this scenario the process Z → Hγ → γγγ may be important even for a virtual Higgs boson. Because this process then involves the product of two dimensionsix operators, our calculation via virtual Higgs boson exchange should be regarded as an estimate of the possible dimension-eight Zγγγ vertex. The results are sumarised by fig. 3 .
The SM contribution is too small to be interesting. For small dimension-six contributions (f i /Λ 2 ∼ 1TeV −2 ) the effects are also very small.
The situation is dramatically different for large dimension-six effects (
ased upon fig. 3 the search for Z → γγγ events becomes promising for a light Higgs boson.
There is even some hope for events in this channel for m H > m Z if the Higgs boson is not too much heavier than m Z .
Summary. New physics in the electroweak bosonic sector may be described by an ffective Lagrangian of dimension-six operators. The coefficients of some of these operators re severely constrained by low-energy data (f i /Λ 2 < O(1TeV −2 )), while others may be as arge as f i /Λ 2 ∼ O(100TeV −2 ). Actually, allowing for arbitrary cancellations amongst the ull set of operators no stringent and rigorous bounds exist on any of them.
In the pessimistic scenario (f i /Λ 2 < O(1TeV 
